Osmolytes, which are a class of small molecules used in nature by organisms to protect themselves from the stress of high osmotic pressure (1, 2) , have been found to stabilize the conformations of proteins. This stabilizing ability is known as the osmolyte effect (3, 4) . Osmolytes are divided into several types: sugars, methyl ammonium derivatives, amino acids and their derivatives, and poly hydric alcohols. The mechanism by which a protein is sta bilized in the presence of an osmolyte, however, is not completely understood (2, 5, 6) and remains the subject of controversy (4, (7) (8) (9) (10) .
Bolen and co-worker proposed the osmophobic theory (11) , which asserts that the osmolyte effect on protein stability is due to a solvophobic thermodynamic force. The thermodynamic cycle of the osmolyte effect on pro tein stability is described in Scheme 1. AGW and AGO are the denaturation Gibbs energy changes in water (W) and the presence of an osmolyte (0), respectively. The osmo lyte effects in both the denatured (D) and native (N) states (AOGD and AOGN, respectively) can be estimated from the transfer Gibbs energies of proteins , from water to an osmolyte, based on solubility measurements . They measured the transfer Gibbs energies values of amino acids (Ag) in several osmolytes (12 , 13) . In the presence of an osmolyte, the backbone of a protein is highly exposed Here, ASAamino, ASAN, and ASAD are the ASAs of an amino acid, the native state, and the denatured state, respectively. Mutational analysis has often been used to elucidate the mechanism of stabilization of the conformations of proteins (14) (15) (16) . One reason is that with this analysis one does not need to take the denatured state into account because of neutralization of the effect of the denatured structure. However, few studies involving mutant proteins to analyze the osmolyte effect have been reported. With mutational analysis of the osmolyte effect one is also able to cancel out the effect of the denatured state.
In this study, we measured the thermal denaturation of RNase Sa and four mutant proteins in the presence of sarcosine using circular dichroism (CD) in order to verify the osmophobic theory. RNase Sa has 96 residues and one disulfide bond. The stability of RNase Sa has been well examined. The Ag values of amino acids, from water to sarcosine, have been determined from solubility meas urements (12) . The four mutant proteins we used were V2T, L19K, 122K and A23K. Val 2, Leu 19 and Ile 22 are buried residues but Ala 23 is exposed to the solvent in the native structure. Figure 2 shows the structure of RNase Sa and the mutation sites. The stability of L19K and 122K is lower than that of the wild-type protein, but V2T and A23K exhibit similar stability to the wild-type. The difference in Ag value between Leu/Ile and Lys is bigger than that between Val and Thr, or between Ala and Lys. All the mutant proteins were stabilized by sarcosine. We analyzed the osmolyte effect on the stability of RNase Sa by means of transfer Gibbs energy using two different sets of information; the mutant data and model dena tured structures. The model denatured structures were obtained by molecular dynamics (MD) simulation and used to roughly estimate the accessible surface area of the denatured state. We found that the osmophobic inter action clarifies the experimental observation of protein stability in the presence of osmolytes.
MATERIALS AND METHODS

Proteins-RNase
Sa was expressed and purified as previously described (17, 18) . Protein concentrations were determined using a molar absorption coefficient at 278 nm of 12,300 M-1 cm-1. The protein solutions were buffered at pH 7.0 with 30 mM MOPS buffer in the pres ence of various concentrations of sarcosine. J Biochem .
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•¬ (2) •¬ (3) Fig. 3 position constraints (harmonic potential of 10 kcal/mol/ A 2) for heavy atoms of the solutes and finally for 90 ps without any constraints. After the 300 K simulations, the temperatures of these systems were increased from 300 to 500 K to accelerate the unfolding process. Associated with the increase in temperature the water spheres slightly expanded (from 34 to 36-1 radius) to compen sate for the increase in pressure. The 500-K simulations were performed during 800 ps (from 100 to 900 ps). All MD simulations were performed with a VPP5000 with 8 processors and a COSMOS90 with the PPPC (Particle Particle and Particle-Cell) method (24) . Long-range Cou lomb interactions were calculated using the PPPC method without truncation (25) .
Calculation of ASA Values-The ASA values for each atom were calculated by the procedure previously described by Connolly (26) with probes of 1.4 (27) (28) (29) . For calculation of the ASA values for the two-part unfolded and folded models of the denatured structures, the two parts (A: residues 1-9 and 51-96 with disulfide bond, B: residues 10-50) were separately calculated. Sa is very reversible. Figure  3 comprises both parts A and B, equilibrated by MD means of simulations in solution at 300 K. This structure was supposed to mimic the situation in which the two hydro phobic clusters are broken due to water penetration, but the secondary structure is maintained. Model structures at the second and third stages are those obtained on 500 K simulations for 800 ps. We adopted the structures after the initial 400 ps simulation at 500 K as model structures of the second stage, and the last structures of the 500 K simulation as model structures of the third stage. The 13 sheet in part A was almost broken at the second and third stages. The a-helix in part B remained at the sec ond stage but had disappeared at the third stage. We adopted the completely extended structure without the disulfide bond as the model structure at the last stage.
DISCUSSION
Effect of Sarcosine on the Stability of RNase Sa-The present study showed that sarcosine stabilizes the con formations of RNase Sa and its mutant proteins. How are osmolytes such as sarcosine able to stabilize proteins? Based on an elegant series of experiments, Timasheff showed that osmolytes are preferentially excluded from the vicinity of a protein (31, 32) . Because the thermody namic stability of proteins is determined by the delicate balance between the Gibbs energies of the native and denatured states, Bolen and co-worker proposed a ther modynamic cycle for the osmolyte effect on protein stabil •¬ (6)
•¬ (7) 
CONCLUSION
In this paper, we examined the osmophobic theory using the thermodynamic data on RNase Sa and its mutants in the presence of sarcosine, and we also examined model denatured structures.
The results show that the osmolyte effect on protein stability can be explained by the osmo phobic theory. Furthermore, information on a denatured structure became available on the structural-based anal ysis of the osmolyte effect on protein stability.
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